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Abstract 
A novel methodology combining multiscale mechanical testing and finite element modeling is 
proposed to quantify the sintering temperature dependent mechanical properties of oxide matrix 
composites, like aluminosilicate (AS) fiber reinforced Al2O3 matrix (ASf/Al2O3) composite in this work. 
The results showed a high temperature-sensitivity in the modulus/strength of AS fiber and Al2O3 
matrix due to their phase transitions at 1200 °C, as revealed by instrumented nanoindentation 
technique. The interfacial strength, as measured by a novel fiber push-in technique, was also 
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temperature dependent. Specially at 1200 °C, an interfacial phase reaction was observed, which 
bonded the interface tightly, as a result, the interfacial shear strength was up to ≈450 MPa. 
Employing the measured micro-mechanical parameters of the composite constituents enabled the 
prediction of deformation mechanism of the composite in microscale, which suggested a dominant 
role of interface on the ductile/brittle behavior of the composite in tension and shear. Accordingly, 
the ASf/Al2O3 composite exhibited a ductile-to-brittle transition as the sintering temperature 
increased from 800 °C to 1200 °C, due to the prohibition of interfacial debonding at higher 
temperatures, in good agreement with numerical predictions. The proposed multiscale methodology 
provides a powerful tool to study the mechanical properties of oxide matrix composites qualitatively 
and quantitatively. 
Keywords: Ceramic matrix composites; Mechanical properties; Finite element analysis 
1. Introduction 
Oxide fiber reinforced oxide ceramic matrix (oxide/oxide) composites are promising candidates 
for high-temperature applications due to their inherent oxide natures which can prevent severe 
oxidation corrosion at extremely high temperatures.[1-6] They are now found wide applications in 
next generation gas turbine engines where the combustion temperature is generally beyond 1000 
°C.[7] Various oxide/oxide composite systems, like aluminosilicate (ALF family, Nextel 440, Nextel 
720) or alumina (Nextel 610) fiber reinforced Al2O3 matrix composites have been fabricated 
previously by precursor infiltration pyrolysis, slurry infiltration or sol-gel technique.[8-11] Particularly, 
the sol-gel technique is advantageous to prepare three-dimensional (3D) oxide/oxide composites 
due to its relatively low sintering temperature (<1300 °C), low shrinkage and reduced drying 
stresses. Moreover, it is a near net shape technique, and can be used to prepare large products with 
complex shapes.[12,13] The sol-gel fabricated Al2O3 matrix composite is reported to have moderate 
tensile strength (>200 MPa), and can maintain >90% of its room temperature strength after very 
high cycled fatigue loading at high temperatures, thus exhibiting an excellent thermal stability. [14-18] 
Despite this, the toughness is still the main concern of this composites in their engineering services. 
Weakening interfacial interaction and fabricating porous matrix are two feasible methods to 
enhance the toughness by triggering crack energy dissipations at either the weak interface or the 
micro-cracks within the matrix. 
It is well known that the macro-mechanical properties of oxide/oxide composites are mainly 
dominated by the micro-mechanical properties of fiber, matrix and fiber/matrix interface, which are 
more sensitive to sintering temperatures.[19,20] For example, L.W. Yang, etc. have found a 
ductile-to-brittle transition of an AS fiber reinforced SiO2 (ASf/SiO2) composite at a sintering 
temperature of 1200 °C, due to the formation of an interfacial reaction zone, which arises 
significantly the interfacial strength and degrades severely the toughness of the composite.[20] 
Compared to the ASf/SiO2 composite, the AS fiber reinforced Al2O3 matrix (ASf/Al2O3) composite is 
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more creep resistant, but is more thermal-sensitive because of the expecting phase transitions of 
both the AS fiber and the Al2O3 matrix at high temperatures.[21] However, the underlying mechanism 
controlling the sintering temperature dependent mechanical properties of the typical oxide/oxide 
composites are still scarcely reported. This is mainly due to some experimental and modelling 
difficulties arisen from the length of scales under study (from microscale, mesoscale to macroscale) 
and the complexity in the structure of oxide/oxide composites, such as, firstly, accurate acquisitions 
of the micro-mechanical properties of the oxide fiber (diameter generally ≤10 μm), the oxide matrix 
and the fiber/matrix interface; secondly, prediction of the micro-mechanical property of the 
composite by using the measured localized mechanical properties of the composite constituents; 
and finally, correlation of the micro-mechanical properties with those macro-mechanical 
performances of the composites. 
To this end, this work contributes to provide a bottom-to-up methodology to study the sintering 
temperature dependent mechanical properties of typical oxide/oxide composites by combining 
micro- and macro- mechanical testing techniques with finite element modeling in multiscale. The 
ASf/Al2O3 composite was used as the material model for this study because of its temperature 
sensitivity in microstructure and mechanical properties. The methodology relies on a systematic 
measurement in the micro-mechanical properties of oxide fiber, oxide matrix and fiber/matrix 
interface by novel nanoindentation and fiber push-in techniques. This is followed by a computational 
finite element modeling to study the deformation mechanisms of the composite in tension, 
compression and shear, inputting the measured micro-mechanical parameters. This enables a 
deeper understanding in the dominant mechanism controlling the sintering temperature dependent 
mechanical properties of oxide/oxide composite, which is finally verified by the macro-mechanical 
testing, like the macro-tension and the single edge notch beam (SENB) employed in this work. 
2. Experimental and modeling procedures 
2.1 Fabrication and microstructural characterization techniques 
3D woven AS fiber preforms (ALF-F2, from Nitivy ALF Co., Japan, sewing technique) were 
employed as reinforcements in the ASf/Al2O3 composite. The given fiber volume fraction was ≈42%. 
Details of the weaving structure can be accessed in Ref [20]. The organic coatings in the as-received 
AS fibers were removed by a thermal treatment at 500 °C for 2 hours in air. The ASf/Al2O3 composite 
was fabricated by the sol-gel process using the Al2O3 sol (A-4-20, from Snowchemical S&T Co., LTD, 
China) as matrix precursor. Detailed sol-gel process is as follows: the fiber preforms were firstly 
immersed in Al2O3 sols in vacuum for >4 hours to ensure adequate sol infiltration into the preform 
interiors. After that, the sol in the preform was converted to gel by drying the infiltrated preforms at 
200 °C for 2 hours in air. This was followed by a sintering process at 800 °C, 1000 °C and 1200 °C for 
0.5 hour in air to fabricate the Al2O3 matrix. The sol-gel process was repeated >12 times until a 
relative composite weight increase <1% was obtained. In order to explore in detail the sintering 
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temperature dependent microstructure and mechanical properties of the as-fabricated ASf/Al2O3 
composite, pure AS fiber was also heat-treated and Al2O3 ceramic free of reinforcement was also 
fabricated at the same temperatures. 
Phases in the AS fibers, the Al2O3 matrix and the ASf/Al2O3 composite processed or fabricated at 
different temperatures were characterized by the X-ray diffraction (XRD) using monochromatic CuKa 
radiation inside a D8 ADVANCE diffractometer (Bruker, Germany). The morphologies of the ASf/Al2O3 
composites were characterized by optical microscopy and scanning electron microscopy (SEM, 
Hitachi FEG S4800). The interfacial microstructure was characterized by transmission electron 
microscopy (TEM, Tecnai F20), and the TEM foil was extracted from the composite by a ‘lift-out’ 
process inside a Helios 600i focused ion beam milling system. 
2.2 Micro- and macro- mechanical testing techniques 
The Young’s modulus and hardness of the AS fibers and Al2O3 matrix in the ASf/Al2O3 composite 
were quantified by the instrumented nanoindentation technique on a finely polished composite 
cross-section, as shown in Fig. 1 (a). The test was performed in a load-controlled mode inside a 
Hysitron TI 950 TriboindenterTM equipped with a Berkovich diamond indenter. The maximum applied 
force was 10 mN, thus yielding a penetration depth >200 nm which was large enough to eliminate 
the effect of surface roughness.[22] At least 10 tests were carried out to ensure the reproducibility of 
the results. The shear strength of the fiber/matrix interface was measured by the fiber push-in test, 
also inside the same TriboindenterTM system but using a flat punch (diameter: 3 μm), as shown in Fig. 
1 (b). The loading was imposed perpendicular to the fiber cross-section in a displacement controlled 
mode, so that shear force was generated at the fiber/matrix interface, which can trigger Mode II 
cracking of the fiber/matrix interface. The maximum displacement was 2 μm and the loading rate 
was 30 nm/s. Based on the obtained push-in curves, the interfacial shear strengths of different 
samples were evaluated by the shear-lag model.[23] Detailed introduction of the push-in test can be 
accessed in reference [23]. 
Macroscopic tensile tests of the ASf/Al2O3 composite were performed on a dual-column CSC-1101 
testing machine equipped with a 500 N load cell, based on the ASTM standards C1275-10. The 
tensile specimen was in a dog-bone like shape, having a gauge length ≈8 mm and the aspect ratio >5. 
The test was displacement controlled, and the displacement rate was 1 mm/min. Engineering stress 
and strain were calculated based on the recorded force and displacement data. For each composite, 
at least 3 tests were performed to ensure the reproducibility of the results.  
The macro fracture toughness (KIC) of ASf/Al2O3 composite was measured by the SENB technique, 
according to the ASTME 399-74 standard. The dimensions of the SENB specimen were ≈40 mm in 
length, ≈3 mm in width and ≈6 mm in thickness. The notch was machined by metal bonded diamond 
cutting blade along the thickness direction. It was ≈3 mm long and ≈0.2 mm wide. The span 
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dimension was 30 mm and the loading rate was also 0.05 mm/min. The fracture toughness was 
extracted based on:  
                           1/ 2IC 2
3
= ( / )
2
PLK a f a H
BH
                   (1) 
where P is the critical loading leading to the fracture of the composite. L is the testing span. B and H 
are the thickness and width of the specimen, respectively. a is the pre-notch depth. f(a/H) is the 
dimensionless function to calibrate the effect of pre-notch depth on the measured results. At least 5 
samples were tested to obtain reproducible results. The crack propagation paths of the composites 
during SENB tests were observed in-situ by the local surface strain profile monitored by the digital 
image correction (DIC) technique. The strain evolution of the monitored region was observed by a 
high-resolution camera with a sampling rate of one image per second. The strain field data was 
post-processed by a commercial available DIC software (ARAMIS). 
2.3 Micromechanical model 
  A 2D version of micromechanical model is presented here to study the deformation mechanism of 
the ASf/Al2O3 composites as a function of sintering temperature at the microscale level, based on the 
measured micro-mechanical parameters of the AS fiber, the Al2O3 and the ASf/Al2O3 interface. Fig. 2 
shows a representative volume element (RVE) model which was assembled by randomly-oriented AS 
fibers (diameter ≈7 μm) and Al2O3 matrix in a 58 μm × 58 μm coupon. The volume fraction was 
≈50%. The AS fiber and the Al2O3 matrix were modelled as isotropic linear and elastic solids due to 
their ceramic natures. The input Young’s modulus and strength of both materials were obtained by 
the aforementioned nanoindentation technique. The fiber/matrix interface was modelled by a 
traction-separation law, as shown in Fig. 3, to capture the cohesive damage and the effect of friction 
occurring after fiber/matrix debonding.[24]  The elastic behavior was modelled in terms of an elastic 
constitutive matrix that related the normal and shear stresses to the corresponding separations 
across the interface. The traction stresses were defined as the cohesive forces acting along the 
normal and shear directions divided by the current area at each contact point. Damage initiation was 
governed by a quadratic stress criterion: 
2 2 2
0 0 0 1
s t n
s t n
τ τ τ
τ τ τ
     
+ + ≤          
                    (2)
 
where ߬௜(݅ = ݊, ݏ, ݐ) are the traction stress vectors at the fiber/matrix interface in the in-plane 
shear (s, t) and normal (n) directions, respectively, and ߬௜଴(݅ = ݊, ݏ	, ݐ) are the corresponding 
interfacial strength at each direction. Specially, the shear strength of the interface was measured in 
this work by the fiber push-in test, and the normal strength were estimated reasonably using 
equation ߬௡଴ = 2/3߬௦଴.[25] Details about the cohesive element can be accessed in.[24] The interface 
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fracture energy in mode I, ࣡ூ௖  is difficult to be experimentally measured. It was assumed 
reasonably in the range of 2–5 ܬ/݉ଶ. Similar values were used by other authors and were reported 
in the literature.[26-28] In addition, the interface fracture energies in the shear modes were set equal 
to the matrix cracking fracture energy, ࣡ூூ௖ =100 ܬ/݉ଶ, a value similar to the one used.[26] A 
sensitivity study of these values indicates their effect on material behavior was only limited in the 
damage propagation regime.[29]  
  The RVE was discretized using wedge and brick finite elements for fibers and matrix with full 
Gauss integration (C3D6 and C3D8). It consisted of ≈20, 000 elements which represented a 
discretization fine enough to capture the large stress gradients between neighboring fibers. Periodic 
boundary condition (PBC) was applied to the node positions on opposite faces of the RVE. In order to 
predict the deformation mechanism of the composite, transverse tension, compression and shear 
simulations were finally carried out with ABAQUS /Standard 6.14 based on finite deformation 
theory.[30] 
3. Results and Discussion 
3.1 Microstructure of ASf/Al2O3 Composites 
Fig. 4 shows a typical cross-section morphology of the ASf/Al2O3 composite fabricated at 800 °C. 
The Al2O3 matrix was relatively dense, especially within individual fiber tows after >12 sol-gel process 
(Fig. 4 b-c), but micro-scaled pores were still observed among fiber tows (Fig. 4a). The measured 
densities and the porosities of all the composites fabricated at 800~1000 °C were very similar, ≈2.0 
g/cm3 and ≈18%, respectively. The Al2O3 matrix was reinforced by the high-density 3D AS fibers 
(diameter ≈7 μm, Fig. 4d), which were distributed randomly inside the matrix in the latitudinal and 
longitudinal directions. The ASf/Al2O3 composite was thus strengthened in such a way that both the 
Al2O3 matrix and the high strength AS fibers support the external load by load transfer at the 
fiber/matrix interfaces. However, as will be discussed later, the porosities inside the Al2O3 matrix can 
still limit strongly the tensile strength, and the brittleness of both the AS fiber and the Al2O3 matrix 
may lead to a poor damage tolerance of the composite. 
Fig. 5 (a) shows the XRD patterns of the ASf/Al2O3 composites as a function of sintering 
temperature. Sintered at 800 °C and 1000 °C, the ASf/Al2O3 composites were not well crystallized, 
and were mainly composed of amorphous SiO2 and γ-Al2O3 phases with low crystallization. Since the 
as-received AS fibers are mainly made up of fine-grained polycrystalline γ-Al2O3 (72%) and 
amorphous SiO2 (28%), as was further evidenced by XRD (Fig. 5b), the amorphous SiO2 found in the 
composite was mainly originated from the AS fiber. Instead, the Al2O3 matrix, after the sintering 
process, was mainly composed of γ-Al2O3, and was more crystallized at higher sintering 
temperatures, as shown in Fig. 5 (c). Interestingly, phase transitions of both the AS fiber and the 
Al2O3 matrix were triggered at sintering temperature of 1200 °C (Fig. 5 b-c), thus leading to a 
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significant change in the crystallized structure of the ASf/Al2O3 composite (Fig. 5a). Note the phase 
transition mechanism was different for each component. The phase transition occurring in the AS 
fiber was mainly due to a phase reaction between the amorphous SiO2 and γ-Al2O3 at 1200 °C, with 
the formation of a crystallized mullite phase (3Al2O3·2SiO2) in the AS fiber [31]. Instead, a phase 
transition from γ-Al2O3 to α-Al2O3 was observed at 1200 °C in the Al2O3 matrix.[32] Detailed analysis on 
the effect of such phase transition on the micro-mechanical property of both the AS fiber and the 
Al2O3 matrix has been performed with the help of instrumented nanoindentation technique, as will 
be discussed later.  
3.2 Micro-mechanical properties of fiber, matrix and interface 
In order to ascertain the effect of the microstructural changes in response to various sintering 
temperature on the fracture resistance of the ASf/Al2O3 composite, instrumented nanoindentation 
tests were carried out in-situ on individual AS fibers and Al2O3 matrix from the finely polished 
composite cross-section (Fig. 4). Note nanoindentation testing on AS fiber is difficult to implement 
due to the limited volume of AS fiber. Here, the test was performed with a comparably small 
external load (10 mN), which penetrated the nanoindenter into the AS fiber for <300 nm (insert in 
Fig. 6a), thus the induced plastic stress field was fully constrained within the AS fiber. The measured 
Young’s modulus and hardness of the AS fiber as a function of sintering temperature is shown in Fig. 
6 (a). At 800 and 1000 °C, the Young’s modulus of the AS fiber was ≈156 GPa, in consistent with what 
was reported by the filament tensile tests, and compared well with the provided value for the 
as-received fiber[31]. This suggests a stable microstructure of the AS fiber at this temperature range. 
The hardness of the AS fiber was ≈11.9 GPa. As the sintering temperature increased to 1200 °C, the 
Young’s modulus was increased evidently to ≈176 GPa,[33] and this must be a consequence of the 
mullite phase formation at this temperature within the AS fiber. However, the measured hardness 
was still decreased to ≈9.6 GPa. This can be explained by the formation of mullite phase and the 
grain growth of mullite at 1200 °C.[20, 31] 
Sintering temperature can have a more remarkable effect on the micro mechanical property of the 
Al2O3 matrix. Using the same loading-unloading segments, the obtained nanoindentation response of 
the matrix was quite different at different sintering temperatures, especially at 1200 °C (insert in Fig. 
6b), due to the γ→α phase transition of the Al2O3 matrix. As a reflect to this microstructural change, the 
measured Young’s modulus and hardness plotted in Fig. 6 (b) were found increased significantly from 
≈26.8 GPa to ≈119.4 GPa and from ≈2.72 GPa to ≈7.30 GPa, respectively, as the sintering temperature 
increased to 1200 °C. Note the Young’s modulus and hardness of γ-Al2O3 were also increased slightly 
from 800 to 1000 °C, and this is expected due to the higher crystallized nature of γ-Al2O3 at higher 
temperatures, in accordance with the XRD results (Fig. 5c). 
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Phase transitions of the AS fiber and the Al2O3 matrix can have a 
potential effect on the micro-mechanical properties of the fiber/matrix 
interface. For typical ceramic matrix composite, it is well-established 
that the interface mainly dominates the macro ductile/brittle 
performance of the composite. The interfacial shear strength was thus 
measured in-situ directly from the finely polished composite 
cross-section by a novel fiber push-in method.[23, 34] Fig. 7 (a) depicts the typical 
push-in force-displacement curves of the ASf/Al2O3 composites sintered at 800~1200 °C. In response 
to the push-in load, the AS fiber and the surroundings were deformed elastically, which shown in the 
curve by a linear regime (stiffness, S0). This was followed by the shear cracking of the fiber/matrix 
interface at a critical load Pc (inert in Fig. 7b), thus leading to a linear to non-linear transition of the 
push-in curve. By using a standard shear-lag model,[23] the interfacial shear strength of fiber/matrix 
interface can be determined by: 
     
f
C
Er
PS
32
0
2π
τ =                         (3) 
here, r is the radius of the AS fiber (≈3.5 μm). Ef is the Young’s modulus of AS fiber, and was 
measured by the nanoindentation technique. The interfacial shear strength measured in each 
composite as a function of sintering temperature is thus plotted in Fig. 7 (b). At 800 and 1000 °C, the 
interfacial shear strength was comparably low, <150 MPa, which is in accordance with a recent 
report in the ASf/SiO2 composite.[20] This weak interfacial feature in the typical oxide/oxide 
composite is in contrast to those traditional ceramic matrix composites where interfacial reaction 
generally occurred at fiber/matrix interface, thus forming strong interfacial interactions.[35] 
Interestingly, the interfacial shear strength was increased significantly to ≈450 MPa, as the 
composite was sintered at 1200 °C. Note at this temperature, phase transitions in both the AS fiber 
and the Al2O3 matrix led to the change in the interfacial microstructure, which may alter the 
mechanical property of the interface. Despite this, the extremely strong shear property of 
fiber/matrix interface is more likely a consequence of interfacial reaction. The potential mechanism 
was verified by a detailed TEM characterization of a localized interfacial zone in the 1200 °C sintered 
composite, as shown in Fig. 8. Interestingly, an interfacial reaction zone was observed between the 
AS fiber and the mullite matrix, which bonded strongly the AS fiber and the Al2O3 matrix. It was ≈30 
nm in thickness, and was in a polycrystalline structure. Similar interfacial reaction has been also 
observed in other AS fiber reinforced Al2O3 matrix composite system, and is possibly dominated by 
the reaction between the SiO2 phase at the AS fiber surface and the remaining γ-Al2O3 phase in the 
Al2O3 matrix.[36] 
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3.3 Finite element modeling 
  Finite element model was presented to investigate the deformation mechanisms of the ASf/Al2O3 
composites in microscale under uniaxial tensile, compressive and shear loading, inputting the 
measured micro-mechanical parameters of the AS fiber, the Al2O3 matrix and the AS/Al2O3 interface, 
as listed in Table 1. Fig. 9 plots the predicted stress-strain curves of the RVE under transverse tensile 
loading as a function of sintering temperature. In all cases, the RVE was deformed elastically up to 
<0.2 strain. The predicted tensile modulus ET of the RVE is summarized in Table 2. The predicted 
tensile moduli (ET) of the composites sintered at 800 °C and 1000 °C were 58.7 GPa and 72.5 GPa, 
respectively. It was increased evidently to 169 GPa at even higher sintering temperature (1200 °C). 
Based on the localized mechanical analysis of the composite constituents in the above section, this 
result is mainly attributed to the γ→α phase transition of the Al2O3 matrix where the measured 
Young’s modulus was ≈5 folders higher at 1200 °C. For the ASf/Al2O3 composites sintered at 800 °C 
and 1000 °C, the elastic deformation was interrupted by fiber/matrix debonding, which was marked 
by a transition of stress-strain curves from linear to non-linear region. This is mainly due to the 
relative weak interfacial strength at 800 °C and 1000 °C (Fig. 7), which gave rise to increasing failure 
sites at the fiber/matrix interface, and to the degradation of the predicted tensile strength (σT) of 
the RVE, as also listed in Table 2. After the interfacial failure initiated, the Al2O3 matrix mainly 
dominated the non-linear deformation of the RVE until ultimate failure, triggered by damages 
accumulated at the matrix ligaments. The interfacial failure was not observed in the 1200 °C sintered 
composite where brittle fracture occurred following the elastic deformation with a much higher 
failure strength σT (546.4 MPa).  
  Fig. 10 shows the predicted stress-strain curves of the RVE under transverse compressive loading 
as a function of sintering temperature. Unlike the tensile response, the RVE in compression was 
mainly deformed elastically until brittle fracture, without debonding of interfaces in all cases. As a 
result, the composites can sustain a relatively higher level of stress (σC) under transverse 
compression, but the compressive moduli of the RVE (EC), as listed in Table 2, was still similar to that 
obtained in tension. It is noticeable that the failure of the RVE in compression was initiated by shear 
banding inclined to the loading axis. 
  The stress-strain curves and stress contours of the RVE under shear loading perpendicular to fiber 
direction are depicted in Fig. 11. In all cases, the initial elastic deformation was always followed by a 
strain-hardening behavior. For the composites sintered at 800 °C and 1000 °C, remarkable shear 
bands in an orientation of 45° was observed. The dominant failure mode in these cases was interface 
debonding, as highlighted in the insert image in Fig. 11. The strong interface bonding strength (≈450 
MPa) for the composite sintered at 1200 °C impeded the interfacial failure, with limited debonding 
sites observed in the deformed RVE. The predicted shear modulus of composite sintered at 1200 °C 
was ≈2.5 times higher than those sintered at 800 °C and 1000 °C, given in Table 2. The shear strength 
was determined by the 0.2% offset strain point by translating the initial elasticity line. The predict 
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shear strengths were very close to the inputted interfacial shear strength, which again confirms that 
the interfacial failure dominated the overall failure mode of the RVE under shear loading.    
3.4 Macro-mechanical properties of the composites 
  The FE modeling of the ASf/Al2O3 composite based on the microscale RVE provides a good 
indication of 2D failure mechanism in tension, compression and shear. This model can be extended 
into a full model considering the 3D woven architecture in the future work. The predicted failure 
mechanism was finally verified in this section by macroscale mechanical testing of the composite. 
Fig. 12 shows the tensile stress-strain curves of the ASf/Al2O3 composite sintered at 800~1200 °C. At 
higher sintering temperature, the measured tensile moduli (ܧ∗் , Table 3) of the composite was 
higher. Despite that the composite was in a 3D woven structure while the RVE in FEM was 
unidirectional coupon, the ܧ∗்  for the 800 °C sintered composites were close to the predicted 
values. At even higher sintering temperature, the discrepancy between the predicted and the 
measured ܧ∗்  was larger. For instance, for the composite sintered at 1200 °C, the ܧ∗்  was almost 
≈2.5 times lower than the predicted result. This must be a consequence of the porosity formed in 
the composite, which was not considered in the FE modeling. The effect of porosity was more 
evident on the tensile strength of the composite, as tensile failure was triggered by stress 
concentrations at the void. The measured tensile strength (ߪ∗்), as listed in Table 3, was found 
decreased from ≈148.1 MPa to ≈78.5 MPa as the sintering temperature increased from 800 °C to 
1200 °C. In contrast, a reversed trend was observed in numerical results where the predicted 
strength was increased at higher sintering temperature. This contradiction is explained by the higher 
brittle nature of the composite (inserts in Fig. 12) where the pre-existing cracks are prone to trigger 
catastrophic failure of the composite sintered at higher temperature. Nevertheless, the FEM predicts 
well the ductile/brittle transition of the composite sintered at different temperatures, and 
reinforced the conclusion that the macro mechanical performance was mainly dominated by the 
interfacial property which was also dependent on the sintering temperature. 
  Since the main concern of oxide/oxide composites in engineering applications is their catastrophic 
failures when subjected to complex loading, the macro fracture toughness of the ASf/Al2O3 
composite as a function of sintering temperature was finally measured by the SENB test, and is 
plotted in Fig. 13 (a). As expected, the 800 and 1000 °C sintered composites were ductile, having 
comparably large fracture toughness, ≈5.18 MPa•m1/2 and ≈4.78 MPa•m1/2, respectively. The 
progressive crack propagation by DIC showed evidently crack deflection at the cracking path, due to 
the weak interfacial properties of the composites. Note the toughening mechanisms like fiber 
pull-out, interfacial debonding, etc., were observed from the fracture surface of the composite after 
the SENB test, Fig. 13 (b). A ductile-to-brittle transition was also observed at 1200 °C, in agreement 
with the previous analysis. This was also captured by the DIC snapshots which show direct cracking 
propagation behavior in the composite. As a result, the fracture toughness of the composite was ≈6 
times lower, ≈0.84 MPa•m1/2. The fracture surface, as shown in Fig. 13 (d), was flat, indicating a 
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cracking propagation which penetrated through the AS fiber and the Al2O3 without any defection at 
the interface, due to the pretty strong interfacial strength. 
4. Conclusions 
A novel methodology combining the multiscale mechanical testing and finite element modeling 
techniques is proposed in this work to study the sintering temperature dependent mechanical 
properties of oxide matrix composites. A sol-gel fabricated aluminosilicate (AS) fiber reinforced 
alumina matrix (ASf/Al2O3) composite system sintered at 800~1200 °C was used as material model 
for this study. Based on this multiscale methodology, the following conclusions can be drawn:  
(1) The micro-mechanical properties of the AS fiber, the Al2O3 matrix and the ASf/Al2O3 interface 
were sintering-temperature dependent, due to their temperature sensitivities in the 
microstructures. Specially, the γ→α phase transition in the Al2O3 matrix can increase significantly the 
Young’s modulus and the strength (hardness), as revealed by nanoindentation technique. In 
addition, by implementing a novel fiber push-in technique, the measured shear strength of the 
ASf/Al2O3 interface was also remarkably increased in the 1200 °C sintered composite. Based on 
detailed transmission electron microscopy analysis, this was mainly due to the phase reactions at the 
interface between the amorphous silica in the AS fiber and the remaining γ-Al2O3 in the matrix. 
(2) Finite element modeling prediction in the deformation mechanism, based on the obtained 
micro-mechanical properties of the composite constituents, showed a dominant role of the 
ASf/Al2O3 interface on the ductile/brittle performance of the composite in tension and shear 
deformation. In detail, the 800 and 1000 °C sintered composites were ductile, due to their 
comparably weak interfacial strength, while the 1200 °C sintered composite was much brittle, due to 
the reaction controlled interfacial nature. As a reflect to the γ→α phase transition in the Al2O3 
matrix, the prediction also showed a much higher Young’s modulus for the 1200 °C sintered 
composite. 
(3) The predictions in the ductile/brittle behavior and in the Young’s modulus of the composite 
correlated well with the experimental results based on the macro-tensile tests. The measured 
macroscopic tensile strengths as a function of sintering temperature were inferior to the predicted 
strengths from finite element models. This was mainly attributed to the porosities existed in the 
composites, triggering localized brittle fracture and consequent macroscopic tensile failure. 
(4) Fiber pull-out events promoted by a relative low interfacial shear strength led to ≈6 times 
higher measured fracture toughness of the 800-1000 °C sintered composite than that of composites 
sintered at 1200 °C. This highlights the toughening mechanisms from weak interface  
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Table 1 Measured micro-mechanical properties of the AS fiber, the Al2O3 matrix and the fiber/matrix 
interface 
 
Temp
(˚C) 
AS fiber Al2O3 matrix Interface 
Ef 
(GPa) 
σf 
(MPa) 
H 
(GPa)
Em 
(GPa) 
σm 
(MPa) 
H 
(GPa)
τint  
(MPa) 
800 156.0 3960.0 11.9 26.8 906.7 2.7 90.0 
1000 156.0 3960.0 11.9 27.5 1000.0 3.0 145.0 
1200 176.0 3200.0 9.6 119.4 2433.3 7.3 450.0 
 
Table 2 Predicted elastic properties of ASf/Al2O3 composite RVE under transverse tension, 
compression and shear loading.  
 
Temp (˚C) ET (GPa) σT (MPa) EC (GPa) σC (MPa) G12 (GPa) S12 (MPa) 
800 58.7 133.8 56.2 608.2 2.6 90.1 
1000 72.5 187.0 59.7 696.0 2.9 132.4 
1200 169.0 546.4 141.4 1926.1 8.1 479.2 
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Table 3 The measured ܧ∗்  and ߪ∗் of the ASf/Al2O3 composite by macro-tensional tests 
 
Temp (˚C) ܧ∗்  (GPa) ߪ∗் (MPa)
800 43.8 148.1 
1000 55.4 122.4 
1200 63.9 78.5 
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Figure list: 
Fig. 1 Testing schematics of (a) Nanoindentation and (b) Fiber push-in techniques. 
Fig. 2 Schematic 2D view of the microscale RVE model showing the fiber distribution, FEM mesh and 
cohesive interface. 
Fig. 3 Schematic representation of (a) cohesive surface and (b) traction-separation response with 
isotropic shear behavior. 
Fig. 4 Typical cross-section morphology of ASf/Al2O3 composite fabricated at 800 °C: (a, b) optical 
microscopy images, (c, d) SEM images. 
Fig. 5 XRD patterns of (a) ASf/Al2O3 composites, (b) individual AS fiber and (c) Al2O3 monolithic 
ceramic sintered at 800~1200 °C. 
Fig. 6 Young’s modulus and hardness of (a) AS fiber and (b) Al2O3 matrix in ASf/Al2O3 composites as a 
function of sintering temperatures. The inserts are the typical nanoindentation force-penetration 
curves for both components. 
Fig. 7 (a) Typical Push-in curves and (b) interfacial shear strength of ASf/Al2O3 composites as a 
function of sol-gel temperature. The insert is a typical SEM image showing the failure of interface 
after the test. 
Fig. 8 TEM characterization of fiber/matrix interface in the 1200 °C fabricated composite. 
Fig. 9 Predicted uniaxial tensile stress-strain curves and stress contours of ASf/Al2O3 composites as a 
function of sol-gel temperature. 
Fig. 10 Predicted uniaxial compressive stress-strain curves and stress contours of ASf/Al2O3 
composites as a function of sol-gel temperature. 
Fig. 11 Predicted uniaxial shear stress-strain curves and stress contours of ASf/Al2O3 composites as a 
function of sol-gel temperature. 
Fig. 12 Tensile stress-strain curves of the ASf/Al2O3 composites as a function of sintering 
temperature. The inserts are the optical images of the fractured specimen, also showing 
ductile/brittle transition at higher sintering temperatures. 
Fig. 13 Typical SENB force-displacement curves of ASf/Al2O3 composites sintered at (a) 800 °C and (c) 
1200 °C and fracture surfaces of the composites sintered at (b) 800 °C and (d) 1200 °C. The inserts 
are the DIC measured strain contour of the 800 and 1000 °C fabricated composite during the SENB 
deformation, showing progressive crack propagation.  
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